Liver kinase B1 (LKB1) is mutationally inactivated in Peutz-Jeghers syndrome and in a variety of cancers including human papillomavirus (HPV)-caused cervical cancer. However, the significance of LKB1 mutations in cervical cancer initiation and progress has not been examined. Herein, we demonstrated that, in mouse embryonic fibroblasts, loss of LKB1 and transduction of HPV16 E6/E7 had an additive effect on constraining cell senescence while promoting cell proliferation and increasing glucose consumption, lactate production and ATP generation. Knockdown of LKB1 increased and ectopic expression of LKB1 decreased glycolysis, anchorageindependent cell growth, and cell migration and invasion in HPV-transformed cells. In the tumorigenesis and lung metastasis model in syngeneic mice, depletion of LKB1 markedly increased tumor metastatic colonies in lungs without affecting subcutaneous tumor growth. We showed that HPV16 E6/E7 enhanced the expression of hexokinase-ll (HK-II) in the glycolytic pathway through elevated c-MYC. Ectopic LKB1 reduced HK-II along with glycolysis. The inverse relationship between HK-II and LKB1 was also observed in normal and HPV-associated cervical lesions. We propose that LKB1 acts as a safeguard against HPV-stimulated aerobic glycolysis and tumor progression. These findings may eventually aid in the development of therapeutic strategy for HPV-associated malignancies by targeting cell metabolism.
INTRODUCTION
Human papillomavirus (HPV) infection is a causative factor for cervical cancer. 1 The molecular basis for HPV carcinogenesis has been extensively investigated. 2 The 'high-risk (HR)' HPV E7 and E6 target tumor suppressor pRB, p53 and many other host proteins for inactivation or degradation, resulting in the abrogation of cell cycle regulation and apoptosis and in the induction of genome instability. [2] [3] [4] However, infection by HPV alone is not sufficient to cause cervical cancer, as HPV oncogenes could immortalize, but do not transform human epithelial cells, the natural virus host. 2 Additional factors must contribute to the progression of HPVinfected lesions to cancer. Indeed, the current data indicate that a variety of cofactors, such as immune status, hormones, recurring genetic alterations, nutritional status, environmental carcinogens or coinfection with other sexually transmitted agents, were involved in HPV-induced transformation and carcinogenesis. 2, 5, 6 Liver kinase B1 (LKB1), also known as serine/threonine kinase 11 (STK11), is a tumor suppressor. The gene is mutationally inactivated in Peutz-Jeghers syndrome and in sporadic cancers, such as nonsmall-cell lung cancer, intestinal, ovarian, breast, pancreatic cancer and melanoma. [7] [8] [9] [10] A recent report showed that LKB1 was somatically mutated in 20% of cervical carcinomas. 11 However, the significance of LKB1 mutations in cervical cancer is not understood.
Strong evidence suggests that an increased dependence on glycolysis provides ATP as well as metabolic intermediates for cancer cell proliferation and tumor development, although it remains inconclusive whether the metabolic alterations drive tumorigenesis or are an outcome of transformation. 12, 13 Several groups have reported glucose metabolism alterations in cervical carcinoma with an increase in lactate dehydrogenase (LDH). [14] [15] [16] High lactate levels predict the likelihood of metastases, tumor recurrence and decreased survival in human cervical cancer patients. 17 These observations strongly suggest that cervical cancer is glycolytic. On the other hand, it remains unknown how HPV initiates the metabolic shift from oxidative phosphorylation to glycolysis, nor is it clear whether this shift contributes to the transformation and cancer progression induced by HPV.
In this study, we demonstrated that E6/E7 expression induced aerobic glycolysis. This induction was mediated by c-MYC, which elevated hexokinase-II (HK-II), the rate-limiting enzyme responsible for the first step in the glycolytic pathway. We also showed that LKB1 inhibited the expression of c-MYC and HK-II, thereby suppressing aerobic glycolysis induced by HPV16 E6/E7. Furthermore, our results indicate that LKB1 and HK-ll were inversely correlated in cervical cancer and in normal cervix, consistent with the role of LKB1 in vivo.
RESULTS
Loss of LKB1 collaborates with HPV16 E6/E7 to reduce senescence To evaluate the effect of LKB1 on the growth properties of HPVexpressing cells, we deleted LKB1 in mouse embryonic fibroblasts (MEFs) (passage 2) harboring a conditional knockout in the Stk11 gene (LKB1 fl/fl ) by infection with lentiviruses expressing the Cre recombinase ( Supplementary Figure 1) . The MEFs were then additionally infected with lentiviruses expressing HPV16 E6/E7. Senescence is a mechanism used by cells to prevent transformation and overgrowth. 18, 19 Up to 70% of the wild-type MEFs entered into senescence at passage 12 (Supplementary Figure 2 ). In agreement with our recent study, 20 HPV oncogene expression reduced senescent cells. Consistent with a previous report that deletion of LKB1 alone could not immortalize MEFs, 21 LKB1 knockout had only a marginal impact on cellular senescence. However, HPV16 E6/E7-transduced LKB1-null MEFs continued to grow beyond crisis, which normally occurred at passages 9-11, and had substantially reduced senescent cell population as compared with MEFs lacking LKB1 or expressing HPV16 E6/E7 (Supplementary Figure 2) . Thus, the loss of LKB1 acts synthetically with HPV oncogenes to overcome senescence.
Loss of LKB1 promotes migration, invasion and anchorageindependent growth of HPV16-transformed cells in vitro
To determine whether LKB1 bears a direct impact on HPV-induced transformed phenotypes, we measured the migration and invasion of TC-1 cells after LKB1 knockdown with short hairpin RNA (shRNA). TC-1 cells are mouse lung epithelial cells transformed by HPV16 E6/E7 and activated K-Ras. 22 Depletion of LKB1 markedly increased cell migration in the transwell assay relative to control cells (shRNA-Ctrl) (Figures 1a and b) . Similarly, LKB1 knockdown increased the ability of TC-1 cells to pass through the Matrigel membrane as shown in Figures 1c and d . In an alternative wound-healing (scratch) assay, LKB1-depleted TC-1 cells migrated more rapidly to close the wound than LKB1-intact cells did (Figures 1e and f) .
The ability of transformed cells to grow in the absence of anchorage to the extracellular matrix correlates with their invasive and metastatic potential. 23 Thus, we asked if LKB1 deficiency contributes to the transformed properties of cells expressing the HPV16 oncogenes. C33A cells, an LKB1-positive cervical cancer cell line devoid of HPV, 24 were transduced with shRNA-LKB1 and then infected with lentiviruses expressing HPV16 E6/E7 or GFP (control). The cells were seeded in soft agar for anchorage-independent growth. The results showed that C33A cells expressing HPV16 E6/ E7 or with LKB1 knockdown formed more and larger colonies as compared with the parental cells ( Supplementary Figure 3 ). Cells with both LKB1 knockdown and HPV16 E6/E7 expression displayed a further increase in colony numbers and sizes (Supplementary Figure 3 ). Taken together, these results suggest that LKB1 dampens HPV-induced transformed phenotypes.
Ectopic expression of LKB1 suppresses the migration and invasion of HPV18-positive HeLa cells
HeLa is an HPV18-positive cervical cancer cell line and is deficient in endogenous LKB1. 11, 25, 26 To validate the role of LKB1 in cervical cancer cells, we stably transduced HeLa cells with pMEP4/GFP-LKB1 or pMEP4/GFP. The expression of the transgenes was induced by zinc sulfate (Figure 1g ). 24 Upon induction, HeLa/pMEP4/GFP-LKB1 cells that migrated through the transwell or invaded into Matrigel were both substantially reduced relative to HeLa/pMEP4/GFP cells (Figures 1h and i). In the absence of induction, the two derivative cell lines exhibited no appreciable differences in these properties. Thus, reintroduction of LKB1 suppresses HPV-induced transformed properties. These results corroborate the above observations ( Supplementary Figures 2 and 3 ) that reduction of LKB1 in HPVcontaining cells contributed to their transformed phenotypes.
Loss of LKB1 promotes HPV16 E6/E7-mediated tumor metastasis
To examine the influence of LKB1 on HPV-positive tumors in vivo, we derived TC-1 cells in which LKB1 gene was knocked down with shRNA ( Supplementary Figure 4 ) and compared their tumorigenesis and metastasis in syngeneic mice relative to the parental cells transduced with control shRNA. Interestingly, the LKB1 status did not influence subcutaneous tumor growth ( Figure 2a ), body weight ( Figure 2b ) nor eating habit (data not shown). However, knockdown of LKB1 markedly promoted lung metastasis upon injection of the cells into the tail vein ( Figure 2c ). The average number of metastatic foci was increased by 80% in LKB1-deficient group within a 3-week observation period ( Figure 2d ). Thirty to thirty-five percent of the tumor cells were positive for the proliferating cell nuclear antigen in LKB1-intact or LKB1compromised tumors (Figures 2e and f) . Thus, tumor cell proliferative rates in the lung metastatic foci were similar regardless of the LKB1 status. The larger foci of LKB1knockdown cells relative to LKB1-intact cells would suggest earlier seeding and initiation of proliferation.
LKB1 suppresses HPV-induced glycolysis
Previous studies showed that glucose metabolism is altered in cervical carcinomas and that HPV-transformed cells have increased LDH. [14] [15] [16] [17] To determine whether LKB1 might counter HPV-mediated oncogenic activity through the reduction of glycolytic metabolism, we measured several standard indicators in MEF cells with different statuses in LKB1 and HPV16 E6/E7. Relative to GFP-transduced MEFs, HPV16 E6/E7-transduced MEFs possessed a reduced level of glucose in culture medium, indicative of increased glucose consumption ( Figure 3a ). Furthermore, the E6/E7-expressing MEFs had an elevated lactate production and ATP level, consistent with an increase of glycolysis ( To validate the action of LKB1 on HPV-mediated cellular glycolysis, we examined metabolites in HeLa cells with ectopic, inducible GFP-LKB1 or GFP. Induction of LKB1 resulted in an increase in glucose in the culture medium, and an appreciable reduction in lactate and ATP production relative to HeLa (GFP) cells (Figures 3d-f ). These data show that LKB1 suppresses HPV oncogene-induced glycolysis.
Loss of LKB1 promotes the expression of HK-II
To determine how LKB1 affects HPV-induced glycolysis, we analyzed the expression of metabolic regulators in cervical cancer cells with genetically manipulated LKB1. Mammalian target of rapamycin (mTOR) is activated by HR HPV oncogene, [27] [28] [29] but inactivated by LKB1. 24 Consistent with these reports, our results showed that the level of phosphorylated S6, a downstream substrate of mTOR, was markedly increased in LKB1-knockdown TC-1 cells (Figure 3g , left panel), whereas it was decreased in HeLa cells with ectopic LKB1 (Figure 3g , right panel). Unexpectedly, in our experimental settings, LKB1 status had no strong and consistent influence on metabolic enzymes, such as PKM2 (pyruvate kinase M2), PGAM5, Tigar, HK-I and GAPDH in these two cell lines ( Figure 3g ). However, HK-II and pyruvate dehydrogenase (PDH) were markedly elevated in TC-1 cells with LKB1 depletion, whereas both were reduced upon ectopic expression of LKB1 in HeLa cells (Figure 3g ).
HK-II is the first rate-limiting enzyme in the glycolytic pathway and has a critical role in directing glucose entry into the cell. 30, 31 Thus, we focused on the regulation of HK-II by LKB1 in the presence or absence of HPV oncogenes. Expression of HPV16 oncoproteins or Cre-mediated deletion of LKB1 increased HK-II in MEFs (Supplementary Figure 5 ). HK-II was further elevated in HPV16 E6/E7-expressing LKB − / − MEFs. In contrast, the level of HK-I was unchanged (Supplementary Figure 5 ).
We also examined HK-II expression in LKB1-intact and LKB1deficient tumor tissues generated from TC-1 cell lung metastatic model by immunohistochemistry (IHC). The signals of HK-II in LKB1-intact tumors were weak, similar to those in the adjacent normal cells; strongly positive cells were sparse (Figure 3h , left panel). In contrast, LKB1-depleted tumor cells displayed uniformly strong HK-II signals (Figure 3h , right panel). The H-score, a semiquantitative method to determine staining intensities in conjunction with the percentage of cells stained at each level, 32 was fourfold higher in LKB1-depleted tumors as compared with that in LKB1-intact tumors (Figure 3i ). Collectively, our data demonstrate that LKB1 downregulated HK-II in vitro and in vivo.
Inhibition of HK-II reduces glycolysis in HPV16-infected cells
To assess the role of HK-II induction in HPV16 oncogene-induced metabolic reprogramming, we transduced MEF/HPV16 E6/E7 and MEF/GFP cells with control small interfering RNAs (siRNA-Ctrl) or cases were positive for HK-II (Figures 5a and b) . The H-score 32 also demonstrated an elevated signal of HK-II in cancerous tissues with low LKB1 expression ( Figure 5c ). Figure 5d summarized all 222 tissues examined. In general, a high proportion of tissues with high LKB1 had low HK-II. Among tissues with low LKB1, most had a high HK-II. We also searched The Cancer Genome Atlas (TCGA) database with a focus on the Study of Cervical Squamous Cell Carcinoma and Endocervical Adenocarcinoma. There were 309 patients analyzed in that study. Among them, 12% possessed an increased HK-II mRNA (above normal level+1 s.d.). Twenty-seven percent bore a decreased LKB1 mRNA (below normal level − 1 s.d.) ( Supplementary Figure 7) . Around 40% of the specimens with elevated HK-II occurred in tissues with reduced LKB1 (Supplementary Figure 7) . Importantly, patients with an upregulated HK-II had a significant shorter survival period as compared with those with normal HK-II (P o0.0003) (Figure 5e ). Taken together, these data show that LKB1 levels are inversely linked to HK-II in normal cervix and in a high percentage of cervical cancers.
c-MYC mediates the cross-talk between HPV and LKB1 in regulating HK-II A previous report showed that loss of LKB1 synergizes with c-MYC to facilitate tumorigenesis in mammary glands. 34 Being a protooncogene, c-MYC controls cell cycle in cultured cells and its overexpression induces tumors in mouse models. 35, 36 Interestingly, c-MYC also enhances the transcription of HK-II and thus promotes glycolysis. 37 Furthermore, our recent studies showed that expression of HPV16 E6/E7 stabilizes c-MYC. 20 Thus, we asked whether c-MYC could be a potential node involving in glycolysis regulated by the opposing activities of LKB1 and HPV oncogenes. First, both c-MYC and HK-II were elevated in E6/E7-transduced MEFs, relative to the control cells (Figure 6a ). Second, in HeLa/pMEP4-LKB1-inducible cells, induction of LKB1 decreased the activation of mTOR (phospho-mTOR; Figure 6b and Supplementary Figure 8 glucose consumption and lactate production in TC-1/shR-LKB1 cells were strikingly reversed by the depletion of c-MYC (Figures 6d and  e ). Intracellular ATP levels also tended to return to normal as well ( Figure 6f ). In TC-1/shR-Ctrl cells, knockdown of c-MYC also reduced glucose consumption, lactate production and ATP production, but the effects were much more moderate (Figures 6d-f ). Taken together, these results suggest that c-MYC mediates the elevation of HK-II and glycolysis in HPV-transformed and LKB1-deficient cells. Overexpression of c-MYC leads to aerobic glycolysis in LKB1-intact cells To validate the role of c-MYC in the cross-talk between HPV oncogenes and LKB1 in regulating HK-II and the resultant metabolic alterations, we transfected the c-MYC expression vector into TC-1 cells. Overexpression of c-MYC increased HK-II in the LKB1-intact cells, but to a less extent in LKB1-compromised cells (Figure 7a and data not shown), as these cells already had elevated HK-II (Figures 3g and h and 6c ). In accordance, enforced expression of c-MYC reduced glucose level in the culture medium and increased the production of lactate and ATP in LKB1-intact cells (Figures 7b-d) . Again, the effects were modest because c-MYC was already elevated by the HPV16 oncogenes. In contrast, ectopic c-MYC did not increase further the high level of glucose consumption, lactate production and ATP levels in LKB1compromised TC-1 cells (Figures 7b-d) . Collectively, these results corroborate the above conclusion that c-MYC mediates the upregulation of the LKB1-regulated HK-II and glycolysis in HPVinfected cells (Figure 7e ).
DISCUSSION
Oncogenic HPV E6 and E7 inactivate tumor-suppressive signals controlled by p53 and pRb, while activating oncogenic signals, including the AKT-, mTOR-and survivin-associated pathways. 3, [27] [28] [29] However, 495% of HR HPV infections do not progress to malignancy. 2 Factors or conditions that collaborate with HPV oncogenes and contribute to lesion progression and cancer development in HPV infection remain largely to be identified. In this study, we found that LKB1 deficiency enhanced HPV16 E6/E7 oncogenic activities and promoted lung metastasis of HPV16 E6/E7-and K-RAS-transformed TC-1 cells (Figures 1 and 2) . Previous reports showed that at least 20% of primary cervical cancers harbor somatically acquired mutations in LKB1. 11, 25 Homozygous deletion of LKB1 locus or novel fusion transcripts involving LKB1 and its neighboring genes have been reported in cervical cancer cells. 11, 25, 38 By using IHC analysis, we now found that some 40% of cervical cancer tissues bore a markedly reduced LKB1 protein ( Figure 5 ). The higher percentage of patients with reduced LKB1 may be due to the particular patient population analyzed in this study. Nonetheless, we suggest that LKB1 deficiency may be one of the genetic alterations that contribute to progression of HPV-induced dysplasias to invasive cancers.
Cervical carcinoma and HPV infection are glycolytic and have elevated LDH and PKM2. [14] [15] [16] [17] However, LDH and PKM2 are relatively late enzymes in the glycolysis pathway. Based on TCGA database, neither LDH nor PKM2 correlates with the survival rate of cervical cancer patients (data not shown). Our current data showed that early metabolic enzyme, HK-II, was upregulated in HPV infection (Figures 4a and 5a-d and Supplementary Figure 5 ). HKs promote and sustain a concentration gradient that facilitates glucose entry into cells and the initiation of all major pathways of glucose utilization. 30, 31, [39] [40] [41] [42] [43] [44] Among the four isoforms (I-IV), only HK-II is primarily expressed in cancer cells, 30, 41 and only HK-II upregulation correlated with a significant shorter survival period (P o 0.0003) (Figure 5e and data not shown), supporting the importance of HK-II in HPV-associated carcinogenesis. Notably, we characterized that both HK-II and glycolytic metabolites in HPV infection were further elevated by the depletion of LKB1 and reduced by ectopic expression of LKB1 (Figures 3a-i) . These data implicate LKB1 in suppressing HPV-mediated oncogenic activities through the regulation of metabolic reprogramming.
Interestingly, our study showed that PDH was also elevated in TC-1 cells with LKB1 depletion, whereas it was reduced upon ectopic expression of LKB1 in HeLa cells (Figure 3g ). These findings are consistent with a previous report showing that conditional knockout of LKB1 in mammary glands of mice genetically engineered to express activated Neu/HER2-MMTV-Cre enhances the expression of LDH and PDH, leading to a glycolytic alteration and a high level of ATP. 45 These findings may appear counterintuitive, as PDH promotes pyruvate flux to acetyl-CoA and entry into the tricarboxylic acid cycle. However, PDH is rapidly inactivated through the phosphorylation catalyzed by PDH kinases, whereas dephosphorylation of PDH increases the activity of the enzyme. 46 Faubert et al. 47 reported that the expression level of PDH kinase 1 was markedly elevated in LKB1-null MEFs. Thus, the activity of PDH may, in fact, be reduced and the increased PDH expression in LKB1-deficient cells in this study and previous report 45 may reflect a feedback mechanism for the inactivation of PDH upon phosphorylation by PDH kinase 1.
We previously reported that expression of HPV oncogenes increase c-MYC. 20 In the current study, we demonstrated that increased c-MYC in HPV-positive cells elevated HK-II, which was reduced by ectopic expression of LKB1 (Figures 6a-c) . The importance of c-MYC on mediating HK-II-promoted glycolysis is further illustrated by two reciprocal experiments. In one, overexpression of c-MYC increased glycolysis in LKB1-intact TC-1 cells but not in LKB1-compromised cells (Figures 7a-d) . This is expected, as the loss of LKB1 already elevated c-MYC and HK-II (Figure 6c ). In the other, c-MYC knockdown in LKB1-intact or LKB1deficient TC-1 cells reduced HK-II levels and glycolysis (Figures 6cf ). Taken together, our data characterized a new signaling pathway, in which LKB1 opposes HPV-induced metabolic reprogramming via a common pathway of c-MYC and HK-II (Figure 7e ).
Metabolic switch toward elevated glycolysis is a fundamental event in tumorigenesis and tumor progression in multiple cancers. 12 Pretherapy lactate levels are inversely correlated with overall and disease-free patient survival. 17 Our findings suggest that LKB1 acts as a safeguard against elevated glycolytic metabolism to suppress the oncogenic activities of HPVs, providing a plausible explanation for the observed LKB1 deficiency in a significant fraction of cervical cancer cases and other cancers. This interpretation is consistent with reports that, in lung cancer and melanoma, the absence of LKB1 activates K-RAS, SRC family kinase YES, SRC/FAK, HIF1α and GTP-bound RAB7 pathways to promote the progression. 10, [48] [49] [50] [51] [52] [53] [54] [55] Considering the important regulatory roles of LKB1 and HK-II in glycolysis, mutations in LKB1 or elevated HK-II might very well serve as markers for progression to cancer. Our results in TC-1 tumor model also suggest that targeting cellular energy homeostasis is a valid therapeutic strategy to reduce or eliminate tumor cells that rely heavily on glycolysis for growth and survival.
MATERIALS AND METHODS

Cell culture and viability assays
MEFs harboring a conditional deletion in the Stk11 gene (LKB1 fl/fl ) were maintained in the lab. 56 The MEFs were infected with lentiviruses expressing Cre recombinase to generate isogenic MEFs expressing or lacking LKB1. Human cervical cancer cell lines HeLa and C33A are maintained in the lab. 24 LKB1-inducible and -knockdown derivative cell lines were reported previously. 24 TC-1 cells were obtained from Dr TC Wu (John Hopkins University, Baltimore, MD, USA). 22 TC-1 cells infected with lentiviruses expressing shR-Ctrl or shR-LKB1 were selected with 1 μg/ml puromycin for 2 weeks to derive stable clones. Cells were cultured in Dulbecco's modified Eagle's medium with L-glutamine and 10% fetal bovine serum. Cell viability was determined by MTT (3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide) assay. 24 Antibodies Antibodies against HPV16 E6, HPV16 E7, GFP, LKB1 and proliferating cell nuclear antigen were purchased from Santa Cruz (Santa Cruz, CA, USA). Mouse monoclonal anti-HPV16 E7 antibody (716-281) purchased from Thermo Scientific (Rockford, IL, USA) was also used in some immunoblots. Antibodies against c-MYC (ab69987), TIGAR (ab37910), LKB1 (ab15095) and HK-II (ab76959) were purchased from Abcam (Cambridge, MA, USA).
Antibody against phospho-acetyl-CoA carboxylase (S79) was purchased from Millipore Inc. (Lake Placid, NY, USA). Anti-phospho-mTOR (Ser2448), phospho-S6 (S240/244), phospho-AKT (S473), LKB1 (no. 3050), HK-I (no. 2024), HK-II (no. 2867), PDH (no. 3205) and PKM2 (no. 3198) antibodies were purchased from Cell Signaling Technology Inc. (Boston, MA, USA). GAPDH (glyceraldehyde 3-phosphate dehydrogenase) polyclonal antibody was obtained from Bethyl Laboratories (Montgomery, TX, USA).
Plasmids and DNA transfection
The pD40-His/V5-c-MYC WT construct was purchased from Addgene (Boston, MA, USA). The HPV16 E6, E7 and E6/E7 in retroviral vectors were recloned into pEF1a lentiviral vector and packaged in 293 T cells. Gene transfection was performed with Fugene 6 transfection reagent (Roche Diagnostics Corp., Indianapolis, IN, USA) according to the manufacturer's instructions.
Transwell migration and Matrigel invasion assays
HeLa cells with inducible LKB1 were placed in the upper chamber of the Transwell Membrane Inserts or precoated Matrigel Chambers from BD Biosciences (San Jose, CA, USA). To induce LKB1, 100 μM zinc sulfate was added to the low chamber. After 24 h, migratory or invasive cells were stained with 1% crystal violet and quantified under a microscope. Assays with TC-1/shR-Ctrl and TC-1/shR-LKB1 cells were conducted similarly, except the lower chambers contained regular culture medium.
Wound-healing migration assay
TC-1/shR-Ctrl and TC-1/shR-LKB1 cells were plated in a 6-well plate. After reaching confluence, a uniform scratch was made with a 10 μl pipet tip to create a cell-free gap. After 24 h, plates were examined and photographed to assess the gap closure.
RNA interference and western blot
A pool of four small interfering RNA duplexes targeting mouse c-MYC or HK-II and a non-targeting siRNA pool were purchased from Dharmacon Inc. (Lafayette, CO, USA), and transfection was performed according to the manufacturer's protocol. The method for western blot was reported previously. 56 
Measurement of glucose, lactate and ATP
The media from cultured cells were used for measuring glucose and lactate by a Flex Bioanalyzer (NOVA Biomedical, Waltham, MA, USA). Amounts of glucose remained in the cell culture medium reflected the subtraction of the consumption by cells from total glucose level in uncultured medium. ATP levels were measured using Bioluminescence Assay Kit CLS II from Roche Scientific (Indianapolis, IN, USA), as per the manufacturer's protocol. Cell lysates were used for the determination. Measurements of the metabolites were normalized to cell number.
Subcutaneous tumorigenesis and lung metastasis in mouse models
TC-1/shR-Ctrl or TC-1/shR-LKB1 cells were harvested and mixed 2:1 in Matrigel (BD Biosciences). Two million cells were inoculated subcutaneously at the right flank of C57BL/6 mice (n = 10). Mice were housed in barrier facility on a 12 h light-dark cycle with food and water available ad libitum. Tumors developed in the syngeneic mice were measured two times a week with calipers. Tumor volumes were calculated by the formula: a 2 × b × 0.4, where 'a' is the smallest diameter and 'b' is the diameter perpendicular to 'a'. To assess metastasis to lungs, 2 × 10 5 TC-1/shR-Ctrl or TC-1/shR-LKB1 cells were injected through tail vein into C57BL/6 mice (n = 10). At the end of 3 weeks, the mice were euthanized and subcutaneous tumors and lungs were removed for histological and biochemical analyses. The animal study was approved by institutional IACUC.
Human cervical tissues and IHC
Human cervical tissues were obtained from Department of Pathology at Jilin University (Changchun, China) and from UAB Tissue Bank (Birmingham, AL, USA). Cervical carcinoma tissue microarray slides (nos. CR2088, CR602, CR242) were ordered from US Biomax Inc. (Rockville, MD, USA). Tissues from healthy controls (n = 25) and carcinoma (n = 197) were used for the analysis. IHC was performed as reported previously. 20, 32 The staining index was based on the staining intensity, which was graded as ' − ', no staining; '+', weak staining; '++', moderate staining; and '+++', strong staining. Samples that scored as ' − ' or '+' were considered as low expression and those scored as '++' or '+++' as high expression. All stained slides were observed and scored by three pathologists. If the staining interpretation differed among the investigators, the data for the slide were not included in the analysis. For determining the H-score, stained tissues were scored by calculating the product of the percentage of cells staining at each intensity level (0, negative; 1, weak; 2, moderate; 3, strong). An H-score was then calculated by summing the individual intensity level scores. 32 
Statistical analysis
All data presented are representative of three or more experiments, each with similar results. Quantitative data were shown as mean ± s.d. Statistical significance was determined using Student's t-test if not specially indicated (*Po0.01 and # P o0.05).
